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Recent evidence indicates experience-dependent brain volume
changes in humans, but the functional and histological nature of
such changes is unknown. Here, we report that adult men
15 performing a cognitively demanding spatial navigation task every
other day over 4 months display increases in hippocampal N-
acetylaspartate (NAA) as measured with magnetic resonance
spectroscopy. Unlike measures of brain volume, changes in NAA
are sensitive to metabolic and functional aspects of neural and glia
20 tissue and unlikely to reflect changes in microvasculature. Training-
induced changes in NAA were, however, absent in carriers of the
Met substitution in the brain-derived neurotrophic factor (BDNF)
gene, which is known to reduce activity-dependent secretion of
BDNF. Among BDNF Val homozygotes, increases in NAA were
25 strongly related to the degree of practice-related improvement in
navigation performance and normalized to pretraining levels 4
months after the last training session. We conclude that changes in
demands on spatial navigation can alter hippocampal NAA
concentrations, confirming epidemiological studies suggesting that
30 mental experience may have direct effects on neural integrity and
cognitive performance. BDNF genotype moderates these plastic
changes, in line with the contention that gene--context interactions
shape the ontogeny of complex phenotypes½AQ6 .
Keywords: brain-derived neurotrophic factor (BDNF), cognitive training,
35 hippocampus, N-acetylaspartate (NAA), spatial navigation
Introduction
Experience-dependent changes in brain volume have been
observed in the human hippocampus (Draganski et al. 2006),
but the functional and histological nature of such changes is
40 unknown. Unlike measures of brain volume, changes in
hippocampal N-acetylaspartate (NAA) assayed in vivo with
magnetic resonance spectroscopy (MRS) are speciﬁcally
sensitive to functional and metabolic aspects of neural and glia
tissue. Here, we investigated whether adults performing
45 a spatial navigation task over a period of 4 months display
performance-related increases in hippocampal NAA and
whether genetic variations in the brain-derived neurotrophic
factor (BDNF) gene moderate such effects.
Converging evidence from electrophysiological, neuroimag-
50 ing, and lesion studies shows that both animal and human
spatial navigation depend on the hippocampus (O’Keefe and
Nadal 1978; Burgess et al. 2002). The½AQ7 hippocampus is also
a structure known for its plasticity. For example, the relative
volume of the hippocampus in nonhuman species varies as
55a function of demands on spatial memory (Healy and Krebs
1992; Barnea and Nottebohm 1994). In humans, Maguire et al.
(Maguire et al. 2000, 2006) reported volume differences in the
hippocampi of London taxi drivers as compared with controls.
Draganski et al. (2006) found increases of gray matter in the
60posterior hippocampi of medical students studying intensively
for a major exam. These ﬁndings indicate that variations in
human hippocampal macroscale morphology can be driven by
experience in adulthood. In line with this view, there is
abundant evidence that the nonhuman adult brain, particularly
65the hippocampus, responds to experience with several types of
changes at cellular, subcellular, molecular, and biochemical
levels (Rosenzweig and Bennett 1996; van Praag et al. 2000;
Jessberger and Gage 2008; Holtmaat and Svoboda 2009).
Neurotrophins play important roles in experience-dependent
70plasticity. One such protein, BDNF, is released in response to
neural activity to modulate synaptic activity and hippocampal
long-term potentiation. These actions are in addition to the
typical roles of BDNF, which include involvement in cell
proliferation, cell survival, axonal sprouting, and synaptic
75growth (Poo 2001; Lu 2003; Binder and Scharfman 2004). BDNF
is distributed throughout the brain and is prevalent in the
hippocampus (Murer et al. 2001). A common single nucleotide
polymorphism of the human BDNF gene (Val66Met; rs6265;
G196A) is linked to activity-dependent secretion of BDNF
80through alterations in the efﬁciency of the precursor peptide
(Egan et al. 2003; Chen et al. 2004). The secretion of BDNF in
neurons is lower in individuals carrying the Met allele (about
35% of the population) than in Val homozygotes (Egan et al.
2003). In ½AQ8line with the role of BDNF in plasticity, Met carriers
85show reduced cognitive performance (Egan et al. 2003; Li et al.
2010), smaller hippocampal volume (Egan et al. 2003; Pezewas
et al. 2004), lower hippocampal activity during episodic
encoding and retrieval (Hariri et al. 2003), and reduced
reorganization of motor maps after short-term training (Kleim
90et al. 2006).
Carriers of the BDNF Met allele also evidence reduced
concentrations of hippocampal NAA assayed in vivo with MRS
(Egan et al. 2003; Stern et al. 2008). NAA is a putative marker of
neuronal integrity, being located mainly within the body of
95neurons (where it is synthesized), but also in axons and
dendrites. Lower levels of NAA are transported to glia cells
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where it is broken down to acetate and aspartate, and waste
NAA is transported in the capillaries. Alterations in NAA
concentrations may reﬂect multiple histological events in
100neural and glia tissue, such as changes in neural cell density,
axonal and dendritric structure, and myelination, as well as
metabolic alterations. Changes in NAA concentrations observed
with MRS are also an important clinical diagnostic because
almost all disorders involving neuronal loss or dysfunction (e.g.,
105Canavan disease, brain cancer, multiple sclerosis, and Alz-
heimer disease) are associated with alterations in NAA (for
review, see Moffett et al. 2007).
We assumed that if the BDNF gene produces variations in
hippocampal NAA concentrations by modulating experience-
110dependent plasticity, then performing a demanding spatial
-navigation task over a longer time period should: 1) increase
hippocampal NAA levels and 2) alter hippocampal NAA levels
to a greater extent in BDNF Val homozygotes than in Met
carriers. To test these hypotheses, we used a spatial training
115task that demands several functions known to depend on the
hippocampus (see Fig. 1). Training involved performing
a navigation task in a virtual environment (VE), while walking
on a regular exercise treadmill. The walking component was
included in order to increase the immersion into the VE and to
120leverage the interacting role that self-motion may play in
forming hippocampal spatial representations (McNaughton
et al. 1996; Stackman et al. 2002) and in learning-related
plasticity (Kempermann 2008). The walking was not physically
demanding. Younger healthy men (n = 21) stratiﬁed on BDNF
125genotype underwent MRS of the right hippocampus before,
immediately after, and 4 months after a 4-month long training
period including a total of forty-two 50-min training sessions.
The right hippocampus was selected for MRS based on its more
prominent role in spatial location memory (Burgess et al.
1302002). Participants in yoked control groups (n = 15) walked on
the treadmill without the VE for an identical amount of time.
We predicted larger increases in NAA for navigators than for
walkers and that these changes would reﬂect adaptations to the
experiential demands (Lo¨vde´n et al. 2010) so that NAA would
135return to pretraining levels 4 months after the last training
session. We also predicted that the experience-dependent NAA
increases would be larger for BDNF Val homozygotes than for
Met carriers. In line with common spectroscopy procedures,
we used creatine (Cr) as a control metabolite in the analyses.
140Materials and Methods
Participants
Hundred and seven younger men (age range 20--30 years) were initially
recruited through newspaper advertisements, word-of-mouth recom-
mendation, and ﬂiers circulated in Berlin, Germany. We screened these
145participants and obtained saliva samples for genotyping. In addition, we
recruited 13 genotyped participants from a large database of
participants taking part in a separate study including health assess-
ments and cognitive tests (Nagel et al. 2008). From these pools of
Figure 1. Participants in the navigation training group navigated in a VE while
walking on a treadmill (A). The task was designed to demand functions known to
depend on the hippocampus, such as spatial learning based on allocentric processes
(e.g., navigation supported by triangulation of distal cues), associative memory (e.g.,
encoding and retrieval of associations between landmarks and navigational
decisions), encoding of novel information (e.g., new navigation areas during training),
and consolidation of information (e.g., retrieval of information encoded at previous
training sessions was necessary for good performance). Participants started walking
at the entrance to a virtual zoo and searched for the animal currently displayed at the
lower right corner of the screen (B and C). When the animal had been found, a new
animal was displayed and the participants searched for this animal. After all animals
had been found, the participant completed the trial by finding the exit, received
feedback, and started a new trial. After completing 4 trials, the participant received
a new zoo. It was impossible to complete 4 trials within a 50-min training session½AQ12 .
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participants, we recruited a total of 28 BDNF Val/Val, 25 Val/Met, and
150 3 Met/Met eligible participants. Due to the rarity of Met homozygotes
and in line with common practice, participants were subdivided into 2
subgroups according to their BDNF Val66Met genotype status: Val/Val
and Any Met participants. All were right-handed, had normal or
corrected-to-normal vision, and reported no history of cardiovascular
155 disease, neurological or psychiatric conditions, problems hindering gait
or balance, or drug/alcohol abuse. They reported no use of antiseizure
or antidepressant drugs. A clinical neurologist evaluated T1- and T2-
weighted MR images collected at pretest and excluded one participant
due to brain abnormality and 3 participants due to imaging artifacts
160 (e.g., movement). Four participants dropped out during or immediately
after the completion of pretest due to lack of motivation. Four
participants dropped out during training due to health issues, starting
a new job, and unspeciﬁed personal problems. Finally, 8 participants
were excluded from the analyses due to nonacceptable quality of MRS
165 spectra (see Data Analysis). Potential selectivity of the effective sample
(n = 36) in relation to the initially recruited sample (n = 56) was
computed on the criterion measure of navigation performance (see
below) at pretest and expressed in an effect-size metric [(Meffective –
Mtotal)/SDtotal], separately for the BDNF Val/Val and Any Met groups.
170 Selectivity, due to all sources of dropout, was negligible for both the
BDNF Val/Val group (–0.14 standard deviation [SD]) and the Any Met
group (0.13 SD).
After pretests were completed, we randomly assigned participants to
either the navigation (nVal/Val = 11; nAny Met = 10) or the walk-time
175 yoked control group (nVal/Val = 8; nAny Met = 7). Unequal ns reﬂect
unequal dropout. Table 1 shows background characteristics of these
groups. The BDNF and training groups did not differ signiﬁcantly in
perceptual speed (digit symbol substitution; Wechsler 1981) or
vocabulary (Lehrl et al. 1991) performance, Fs < 1, as assessed at
180 pretest using standardized procedures.
Each participant was paid 1150 euro for completion of the whole
study. The ethical review board of the Otto-von-Guericke University of
Magdeburg approved the imaging part of the study, and the review
board of the Max Planck for Human Development, Berlin, approved the
185 behavioral part of the study. Written informed consent was obtained
prior to the investigation.
Materials and Procedures
Training Protocol
Participants in the navigation groups performed a navigation task in
190 a VE while walking on a treadmill. Participants in the walk-time yoked
control group walked on a treadmill without the VE for an identical
amount of time. Participants in the control groups were allowed to
perform activities that they would normally do during walking (except
explicit spatial navigation), such a listening to radio and music. A total
195 of forty-two 50-min training sessions were administered. If a participant
missed a scheduled session, the training period was prolonged so that
all participants completed 42 sessions. The period between pretest and
posttest 1, during which training took place, was on average 118 days
(see Table 1), with no signiﬁcant differences between training or BDNF
200 groups (ts < 0.80). The period between posttest 1 and posttest 2,
during which no training was administered, was on average 121 days,
with no signiﬁcant differences between groups (ts < 1.07).
All participants selected their preferred walking speed before pretest
(see below) and before they were assigned to their respective group
205(walking/navigation) but after familiarization to the navigation task.
Participants were instructed to select a nondemanding speed of
walking (as if they took a Sunday walk in the park). This walking
speed was kept constant throughout the study. Note that the visual
ﬂow of the VE was held constant for all participants, so that walking
210speed did not directly inﬂuence navigation performance. The training
and BDNF groups did not differ signiﬁcantly in walking speed (ts < 0.31;
Table 1).
In the navigation laboratories, a VE was back-projected onto a screen
situated approximately 150 cm in front of the walking area of
215a motorized treadmill that was positioned at the level of the ﬂoor
(see Fig. 1A). The projection area was 176 3 236 cm, which allowed for
an approximately 75 degree wide ﬁeld of view. Operating 2 buttons
attached to the handrail controlled navigation decisions (i.e., whether
to turn left or right).
220Maps of the VE were rendered in ﬁrst-person view using the Quake 3
engine (http://www.idsoftware.com/games/quake/quake3-arena) and
constructed in GtkRadiant (http://www.qeradiant.com/cgi-bin/
trac.cgi). An interface for the experimenter was designed and
programmed by us in Java to allow for control of the treadmill and
225the VE and for access to a MySQL database storing relevant data.
The task for participants in the navigation group was to start walking
at the entrance to a virtual zoo and search for the animal currently
displayed at the lower right corner of the screen (see Fig. 1B,C).
Participants never had access to any survey map. When the currently
230displayed animal had been found, a new target animal was displayed in
the lower right corner of the screen and participants started searching
for this animal. After all animals had been found, the participant
completed the trial by ﬁnding the exit of the zoo, received feedback on
the number of minutes needed to complete the trial, and started a new
235trial in the same zoo. After completing 4 trials in a zoo, the participant
received a new zoo (with different animals, topography, and layout)
and proceeded with the task.
Twenty different training zoos were constructed. All zoos had
identical skylines and distal landmarks (e.g., mountains, towers; see
240Fig. 1C) situated at identical places surrounding the area of the zoo
(which was enclosed by walls). The length of the direct paths between
the animals was kept constant across trials and zoos and generated such
that it was impossible to complete 4 trials in a zoo within a 50-min
session, and so that consecutive targets were not located next to each
245other. Subsequent training sessions began at the ﬁnal position from
previous session. The path structure of all training zoos was randomly
generated under the constraint that they had 42 decision points that
were connected by paths of identical total length across zoos. In all
zoos, 14 animals were randomly distributed and an approximately equal
250amount of local landmarks (e.g., walls, trees, hills, cafeterias, and
lampposts) was manually distributed over the zoos.
Decision points were always roundabouts (see Fig. 1C). Participants
entered a roundabout clockwise (by clicking the left button) or
counterclockwise (by clicking the right button). If no decision was
255made, then participants entered counterclockwise. Participants exited
a roundabout with the appropriate button press (left or right
depending on the direction of movement). They could not deviate
from the paths in the VE (see Fig. 1B,C) and not stop walking (and
moving in the VE) unless they requested the experimenter to stop the
260task (which was discouraged and a very rare event). All participants
received the different training zoos in the same order but, depending
on their performance, completed different amounts of zoos during the
training period.
Assessment of Navigation Performance at Pretest and Posttests
265Pretest started with two 50-min sessions of familiarization to walking
on the treadmill and navigating in the VE. After familiarization,
participants were assessed on navigation performance with a task
similar to the training task. Posttests included one familiarization
session for the walk-time yoked control groups. Three different zoos
270were constructed, one for each assessment (pretest, posttest 1, and
posttest 2). The 3 zoos had an identical path structure, and the animal
cages were placed at identical locations. In addition, the correct path
Table 1.
Subject characteristics across training group and BDNF genotype
Measures Val/Val BDNF Any Met BDNF
Navigators Walkers Navigators Walkers
M SD M SD M SD M SD
Age (years) 25.0 2.6 28.2 1.8 25.5 2.8 25.8 2.6
Digit symbol 57.8 8.4 58.6 14.5 53.5 11 58.7 9.5
Vocabulary 30.0 2.4 30.2 3.7 30.2 1.9 31.1 2.7
Walking speed (km/h) 3.6 0.7 3.4 0.6 3.7 0.6 3.8 0.6
Days between pre- and posttest 1 118 6 118 3 119 3 116 7
Days between posttest 1 and 2 119 8 122 5 122 4 123 3
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between the animal cages was identical across zoos. However, the zoos
contained different animals, different skylines, different distal land-
275 marks (e.g., mountains, and towers), and a different layout of proximal
landmarks (e.g., trees, hills, and buildings located in the area of the zoo).
The dependent variable was the number of targets found in 50 min.
Assessment of Real-Life Navigational Strategies and Map-Drawing
Performance
280 At posttest 2, we asked which of 8 strategies participants were using
when navigating through unfamiliar environments in everyday life.
Strategies were 1) using a map, 2) using an electronic navigation device,
3) writing down which route to take, 4) using street signs, 5) using
close landmarks (remembering places and objects on the way), 6) using
285 the sun and the shadow of objects to tell directions, 7) using distal
landmarks (e.g., large buildings), and 8) asking other people for the
way. For analyses, we summarized strategies 1, 2, 3, 4, and 8 as ‘‘relying
on others and external aids.’’ We classiﬁed using close landmarks (5) as
a ‘‘cue-response’’ strategy and the reliance on the sun (6) and distal
290 landmarks as an indication that participants were constructing
a cognitive map.
After pretest assessment, participants were asked to place the
animals into a map of the zoo, containing exit and entrance, distal
landmarks, and 3 prominent close landmarks. The quality of the
295 cognitive map was rated by 2 trained raters on a scale from 1
(excellent) to 6 (very poor), with very high interrater reliability
(Cronbach’s Alpha = 0.98). The correlation of map-drawing perfor-
mance with navigation performance was high, r = –0.75 (P < 0.01),
indicating that successful navigators obtained a high-quality mental
300 representation of the zoo.
Magnetic Resonance Spectroscopy
MRS was performed on a 3 T MAGNETOM Trio scanner (Siemens), with
an 8-channel phased-array head coil. The operator was blind to group
status. Single voxel 1H MR spectra (PRESS, time echo [TE] = 135 ms,
305 time repetition [TR] = 2000 ms, 256 averages, bandwidth = 1200 Hz) of
the right hippocampus were recorded subsequent to the high
resolution T1-weighted scans (MPRAGE, TE = 5.12 ms, TR = 2600 ms,
time to inversion = 1100 ms, ﬂip angle = 7, bandwidth = 140 Hz/pixel,
matrix = 320 3 320 3 240, isometric voxel size = 0.8 mm3). Voxels
310 comprising mainly the medial part of the hippocampus (voxel size =
2 3 1 3 1 cm3) were placed as indicated in Supplementary Figure 1.
Manual shimming was performed to improve magnetic ﬁeld homoge-
neity set by the automatic shim routine. Additionally, water reference
data with radiofrequency pulses for water suppression switched off
315 (TR = 10 s, 4 averages) were acquired for eddy current correction and
scaling of the metabolite concentrations.
Genotyping
DNA was extracted from saliva using the commercial Oragene Kit (DNA
Genotek). Genotyping of the BDNF Val66Met (rs6265; G196A) poly-
320 morphism was performed with polymerase chain reaction using
melting curve detection analysis (Light Cycler System 1.5; Roche
Diagnostics), according to standard procedures (e.g., Montag et al.
2008). The frequencies of the 2 BDNF genotypes in the initially
recruited sample were 0.30 for Any Met and 0.70 for Val/Val. The allelic
325 distributions did not deviate signiﬁcantly from those expected
according to the Hardy--Weinberg equilibrium, v21 = 0.01.
Data Analysis
Behavioral Data
The inclusion of the walk-time yoked control groups enables
330 differentiation of true navigation-related changes from confounding
changes, such the effects of walking alone or other effects such as
maturation, materialization, and time of year. With this design, the
critical effect is revealed by an interaction between training group and
time; that is, changes across the measurements for navigation groups
335 that are signiﬁcantly different from those for the walking groups.
Similarly, BDNF-related differences in the effects of navigation training
are revealed by an interaction between BDNF group, training group,
and time of assessment. To investigate these effects, we used a mixed 2
(training group: navigators vs. walkers) 3 2 (BDNF: Val/Val vs. Any Met)
3403 3 (time: pretest, posttest 1, posttest 2) analysis of variance (ANOVA).
Polynomial contrasts were used to detect linear and quadratic effects
involving time. In the presence of signiﬁcant quadratic effects involving
training by time, we followed up with ANOVAs and paired t-tests to
trace the source of the effect. The alpha level was P < 0.05. Note that
345the 2 core research questions in this study come with the speciﬁc
predictions of a training 3 time interaction and a training 3 BDNF 3
time interaction. For this reason, there is no need to correct the alpha
level for multiple comparisons. Follow-up tests were applied only for
the purpose of tracing the source of these predicted interactions and,
350therefore, there is no need for corrections for these tests either.
Magnetic Resonance Spectroscopy
Spectra were analyzed using LCModel (Provencher 1993; version 6.1.0,
www.s-provencher.com/pages/lcmodel.shtml). The LCModel is a fully
automatic quantitation method for in vivo 1H MR spectra that ﬁt each
355acquired spectrum as a linear combination of model spectra acquired
from metabolite solutions. An example of hippocampal spectra and
LCModel ﬁts is shown in the Supplementary Figure 2. To determine
metabolite concentrations, the metabolite signal is related to the water
signal intensity of the same voxel. Participants were excluded if the
360analysis displayed Crame´r--Rao lower bounds for NAA and Cr that were
higher than 7% and 9%, respectively, at any time point.
We targeted NAA in the analyses, using Cr as a control metabolite,
with the same statistical approach and logic as for the behavioral data.
We applied a mixed 2 (training group: navigators vs. walkers) 3 2
365(BDNF group: Val/Val vs. Any Met) 3 2 (metabolite: NAA vs. Cr) 3 3
(time: pretest, posttest 1, posttest 2) ANOVA to analyze the NAA and Cr
concentrations, predicting a 4-way interaction among time, training
group, BDNF, and metabolite, reﬂecting selective increases in NAA over
time that are larger for navigators than for walkers and for the BDNF
370Val/Val group than for the Any Met group. In the presence of signiﬁcant
effects involving training and time, we followed up with ANOVAs and
paired t-tests to determine the source of the effect. Finally, we
correlated, separately for the 4 groups, changes from pretest to posttest
1 in the NAA and Cr metabolites with changes in navigation
375performance. We opted for not including any NAA/Cr ratio score in
these correlations because of interpretational ambiguities reﬂecting the
spurious correlation between the ratio and its denominator (Pearson




No reliable effects involving training group or BDNF were
detected in analyses of pretest data, Fs1,32 < 1.09, indicating
that the groups were comparable in baseline performance on
385the criterion task (see Fig. 2). In addition, we observed no
signiﬁcant effects involving BDNF or training status on self-
reported real-life navigational strategies or map-drawing
performance, Fs1,32 < 2.27.
Analyses addressing training-related changes in navigation
390performance revealed signiﬁcant linear, F1,32 = 12.05, P = 0.002,
and quadratic, F1,32 = 14.78, P = 0.001, training group 3 time
interactions. While the walking group exhibited modest
increases in spatial navigation performance that likely reﬂect
the mere effect of retest, the navigation group showed
395performance increases beyond those of the walking group
(see Fig. 2). As indicated by a signiﬁcant training group 3 time
interaction in analyses comparing pretest and posttest 2,
navigation-related improvements were partly maintained 4
months after termination of training, F1,32 = 35.76, P < 0.001.
400However, as indicated by the signiﬁcant quadratic training 3
time interaction, the navigation-related training effect declined
in magnitude during the maintenance period.
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MRS Results
No signiﬁcant effects involving training group or BDNF group
405 were obtained in analyses of pretest NAA and Cr, Fs1,32 < 2.40,
indicating that the groups were comparable in these measures
at baseline (see Fig. 3).
A 4-way ANOVA testing training-related changes in the
metabolite concentrations (NAA and Cr) revealed a signiﬁ-
410 cant quadratic training 3 BDNF 3 time metabolite interaction,
F1,32 = 4.34, P = 0.045. An inspection of Figure 3A indicates that
NAA displayed transient increases from training for Val/Val
navigators only and that no changes in Cr (Fig. 3B) occurred for
any of the groups. A 3-way ANOVA on Cr, including training,
415 BDNF, and time as factors, conﬁrmed this interpretation
through the absence of reliable effects involving training or
time, Fs1,32 < 2.35. In addition, a 3-way ANOVA on NAA
revealed a signiﬁcant quadratic training 3 time, F1,32 = 6.03, P =
0.020 and a signiﬁcant BDNF 3 time effect, F1,32 = 4.82, P =
420 0.035. However, the training 3 BDNF 3 time interaction failed
to reach signiﬁcance, which led us to follow up the original
4-way interaction with training 3 time ANOVAs on NAA for the
2 BDNF groups separately. Critically, the quadratic training 3
time interaction was signiﬁcant for BDNF Val/Val participants,
425 F1,32 = 7.04, P = 0.017, but not for Any Met participants, F1,32 <
1. Finally, we compared the Val/Val navigators with the Any
Met navigators in a BDNF 3 time ANOVA on NAA, which
revealed a signiﬁcant quadratic BDNF 3 time interaction, F1,32 =
8.03, P = 0.011. Paired t-tests showed that Val/Val navigators
430 increased signiﬁcantly in NAA between pretest and posttest 1,
t10 = 4.34, P = 0.001, and decreased signiﬁcantly in NAA over
the maintenance phase, t10 = 3.65, P = 0.004. We conclude that
the transient navigation-related increases were selective for
NAA and BDNF Val/Val navigators.
435 Next, we correlated changes in navigation performance
between pretest and posttest 1 with changes in NAA and
Cr separately for the 4 training 3 BDNF groups. Results
showed a signiﬁcant positive association between changes in
navigation performance and NAA for the Val/Val navigators, r =
440 0.78, P = 0.004. No other signiﬁcant correlations were
observed, rs = –0.57 to 0.36. Figure 4 shows the scatterplots
of the associations between changes in navigation performance
and changes in NAA for the Val/Val and Any Met navigators, as
well as the corresponding plots for Cr.
445Discussion
The present results show that changes in demands on spatial
navigation induce increases of NAA in the right hippocampus
of male BDNF Val homozygotes but not of Met carriers. These
changes returned to baseline 4 months after termination of
450training. Importantly, increases in navigation performance
correlated with NAA changes in BDNF Val/Val navigators.
The increments in hippocampal NAA may reﬂect increases in
neuronal cell density, altered metabolism, gliogenesis, or
growth of cells, axons, and dendrites (Moffett et al. 2007), in
455response to the training-induced increases in demands on
hippocampal spatial processing. Unlike previous observations
of experience-dependent changes in hippocampal volume
(Draganski et al. 2006), plastic alterations in NAA are
Figure 2. Mean (±standard error) navigation performance (number of targets found
within 50 min of navigation) as a function of training group (navigation/walk-time
yoked control), BDNF genotype (Val/Val vs. Any Met), and time of assessment
(pretest/posttest 1/posttest 2).
Figure 3. (A) Mean (±standard error) NAA as a function of training group
(navigation/walk-time yoked control), BDNF genotype (Val/Val vs. Any Met), and time
of assessment (pretest/posttest 1/posttest 2) and (B) a corresponding plot for Cr.
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speciﬁcally sensitive to functional properties and metabolic
460 aspects of neural and glia tissue and unlikely to reﬂect
alterations in microvasculature. In½AQ9 line with our ﬁndings, such
experience-dependent changes have been observed in the
nonhuman hippocampus (Rosenzweig and Bennett 1996; van
Praag et al. 2000; Jessberger and Gage 2008; Holtmaat and
465 Svoboda 2009). The effects of BDNF genotype on training-
related increases in NAA concentrations may reﬂect the role of
activity-dependent secretion of BDNF in such forms of
hippocampal plasticity (Poo 2001; Lu 2003; Binder and
Scharfman 2004). With lower BDNF secretion, these changes
470 may not occur or require larger or more persistent changes in
experiential demand to materialize (Lo¨vde´n et al. 2010). This
interpretation is consistent with ﬁndings of reduced reorgani-
zation of motor maps from short-term training in BDNF Met
carriers (Kleim et al. 2006).
475 In addition, BDNF Val homozygotes and Met carriers may use
spatial strategies that differ in the extent to which they require
hippocampal involvement, and therefore in the extent to
which they cause experience-dependent hippocampal
changes. Speciﬁcally, BDNF Val homozygotes may have used
480 hippocampal-dependent cognitive-map strategies to a greater
extent, whereas BDNF Met carriers may have relied more on
cue-response strategies, which draw on, for example, the
caudate nucleus (Hartley et al. 2003; Iaria et al. 2003). Such
½AQ10 differences in spatial navigation strategies are correlated with
485hippocampal and caudate volumes (Moffat et al. 2006; Bohbot
et al. 2007) and discriminate between younger and older adults
(Lo¨vde´n et al. 2005) and between men and women (Lo¨vde´n
et al. 2007).
The strategy account is supported by the transient nature of
490the training-dependent NAA changes. Speciﬁcally, these ﬁnd-
ings indicate that higher NAA concentrations may only be
maintained if they are accompanied by more permanent
changes in behavior. The strategy explanation is also in line
with the absence of signiﬁcant effects of BDNF genotype on
495changes in navigation performance, suggesting that the re-
gional neural correlates producing changes in navigation
performance may be different for any Met participants (e.g.,
the caudate) than for Val/Val participants (i.e., the hippocam-
pus). Note, however, that navigation performance displays
500a numerical trend for larger improvements in BDNF Val
navigators than in Met navigators (see Fig. 2), motivating
cautious interpretations. Likewise, we are hesitant to draw
strong conclusions from the absence of differences in NAA
between BDNF genotypes at baseline. Speciﬁcally, though the
505effective longitudinal sample was representative of the initially
recruited sample, this null ﬁnding may reﬂect sampling error at
recruitment. In addition, previous spectroscopy work on the
effects of BDNF genotype has detected NAA differences only in
the left hippocampus (Egan et al. 2003; Stern et al. 2008),
510whereas we, based on lateralization of spatial memory for
Figure 4. (A) Scatterplots of the associations for BDNF Val/Val navigators between changes from pretest to posttest 1 in navigation performance and changes in NAA and
(B) a corresponding plot for Cr. (C) Scatterplots of the associations for Any Met navigators between changes in navigation performance and changes in NAA and
(D) a corresponding plot for Cr.
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location (Burgess et al. 2002), measured NAA in the right
hippocampus. Finally, we observed no BDNF differences in self-
reported real-life navigation strategies, some of which corre-
spond to the use of cue-response--based strategies and some to
515 strategies based on spatial processing. In a similar vein, we
observed no BDNF differences in map-drawing performance at
pretest, which may be taken as evidence of equivalent
allocentric spatial representations of the VE across genotypes.
Though we are reluctant to rule out the presence of strategy
520 differences based on these latter null effects, both accounts of
the BDNF effect (i.e., direct effects of BDNF on NAA and effects
of BDNF on hippocampal NAA through different strategies) are
consistent with the important take-home message that
cognitive demands can alter hippocampal NAA concentrations
525 and that BDNF genotype moderates these effects.
An increase of levels of BDNF messenger RNA in response to
physical exercise (Neeper et al. 1995) has been suggested as
a mechanism underlying effects of cardiovascular-ﬁtness
training on cognitive functioning (Colcombe and Kramer
530 2003). In addition, self-motion may play an important role in
learning-related plasticity (Kempermann 2008). Based on our
comparison with the walk-time yoked control group, we can
rule out that the effects reﬂect inﬂuences of the walking
component per se. However, we cannot rule out that the
535 walking component is a contributing factor in interaction with
the navigation. That said, the low demands of the slow walking
speed selected by our healthy and ﬁt participants are unlikely
to alter physical ﬁtness. In addition, in real life, some type of
self-motion typically accompanies navigation behavior. In this
540 sense, our paradigm possesses high ecological validity. Finally,
generalization from the study is limited due to the exclusive
focus on men, which was implemented to reduce interindivid-
ual differences in navigation strategies. On average, men tend
to rely more on cognitive-map strategies (Lo¨vde´n et al. 2007)
545 and to activate the hippocampus (Gron et al. 2000) to a greater
extent during navigation tasks than women.
We conclude that changes in demands on spatial navigation
can alter hippocampal NAA concentrations, experimentally
conﬁrming epidemiological evidence (Lo¨vde´n et al. 2005;
550 Herzog et al. 2009) suggesting that mental experience may
have direct effects on neural integrity and cognitive perfor-
mance. BDNF genotype moderates these plastic changes, in line
with the contention that gene--context interactions shape the
ontogeny of complex phenotypes (McLearn 2006).
555 Supplementary Material
Supplementary material can be found at: http://www.cercor
.oxfordjournals.org/.
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